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The Bi-2212 irradiation experiments have been carried out at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The samples discussed in the present paper refer to two different experiments. Each sample consisted of a Bi-2212 microcrystal with high aspect ratio, mounted with the ab-plane parallel to the surface of a sapphire substrate and provided with electrical contacts which allowed performing four-probe electrical measurements [27, 28] . The first experiment was performed at the EH2 experimental hutch of the former ID22 beamline, where two samples have been irradiated. Sample WBAP13 underwent three irradiation sessions, whereas sample WBAP14 was irradiated in two sessions. In order to monitor the effect of irradiation on the electrical properties, crystals were characterized off-line between each irradiation session. Details of the sample preparation process and of irradiation results have already been published elsewhere [22, 24] . The second experiment was performed at the new ID16B beamline on samples WBVB05 and WBVB10. In this case the setup allowed on-line monitoring of the sample resistance during irradiation, so that the effect of each irradiation session could be clearly identified by comparing the resistance values before and after irradiation without any sample removal. In both cases a pink beam has been used, centered at hν = 17.05 and 17.50 keV, respectively, and its full width half maximum (FWHM) sizes in each direction were determined by means of the knife-edge method. The beam is pointed onto the Bi-2212 sample on a spot for the selected irradiation time ∆t, then moved in the y direction to a second spot and so on. After a row is traced across the whole crystal, the beam is moved along the z direction and the next row is drawn. Δy and Δz represent the mesh spacing between irradiation points in the two directions, respectively. The orange box represents the elementary unit on which calculations are carried out for each experimental setup, as explained in the text. The crystal a-, b-, and c-axes are parallel to the z, x, and y direction, respectively.
The main features of the irradiation processes used in the two experiments are reported in Table 1 and the corresponding geometry is illustrated in Fig.1 . For the comparison with the simulation results, the relevant quantity extracted from both experiments is the room temperature resistivity of the irradiated part of the sample after each irradiation step. See Supplemental Material at [URL will be inserted by publisher] for the experimental electrical data used to extract the resistivity values ( Figures S1 and S2) .
B. Monte Carlo simulations of the irradiation process
For each sample and irradiation session, a Monte Carlo simulation was carried out using the MCNP6 code [29] [30], which gives directly the spatial and energy distribution of the fluence of photogenerated electrons in the sample. It is worth noticing that MCNP6 code does not take into account the crystal structure of the solid, which is considered amorphous. However, this does not affect our result accuracy because of the energy cutoff of 1 keV used by MCNP6 for electron transport, which is a value much higher than the energy scale where band structure effects could play a role. Consequently, the input needed for the simulation is just the sample elemental composition and geometry (see Supplemental Material at [URL will be inserted by publisher] for sample description, Table S1 ), and the characteristics of the beam (see Table 1 ). The resolution in energy of the fluence distribution was set to 1 keV and the sample was subdivided into elementary volumes called voxels whose size was 50x50x50 nm 3 . The fluence per energy unit occurring in the i-th voxel centered in (xi,yi,zi) for any position p of the beam Φ p e(xi,yi,zi,E) has been evaluated by MCNP6 as the average track length of the photogenerated electrons in the voxel, divided by its volume. For each sample and session, the spatial and energy distribution of the fluence of the whole irradiation process Φ ( , , , ) was reconstructed by simulating separately the incidence of the X-ray beam at all of the different points p of the experimental irradiation mesh (Fig. 1) and adding up the resulting Φ p e(xi,yi,zi,E) values in each voxel: Φ ( , , , ) = ∑ Φ ( , , , ). This procedure follows from the assumption that irradiations at different points are independent one from the other. All the results are presented for the physically relevant elementary unit of the sample (represented as the orange box in Fig. 1 ), which was chosen considering the translational symmetry of the experiment along the z axis but not along the y direction, because in this case the edge effects are not negligible due to the much smaller size of the crystal along y. It should be noted for clarity that this unit cell is composed of many voxels in each direction, and therefore the spatial distribution of the electrons can be studied. The lines corresponding to the intersections between the sample and the beam axes of an irradiation row lie in the xy mirror plane of this elementary unit, resulting in the fluence of the electrons being maximum there and decreasing for the other xy planes towards the borders. The interaction effects between neighboring elementary units have been considered by simulating also the neighboring irradiation rows that are closer than the lateral spread of the photogenerated electrons, because in this case they could significantly contribute to the fluence. The elementary unit is generally different for each irradiation session since it depends on the geometry of the irradiation mesh.
III. RESULTS AND DISCUSSION A. Monte Carlo simulation results
The first step of our model to evaluate the importance of the oxygen knock-on process during synchrotron X-ray irradiation consists in computing the amount of photoelectrons generated by the nanobeam. Fig. 2 shows the typical energy distribution of the total electron fluence Φ ( ) = ∑ Φ ( , , , ) in the elementary unit of the sample, calculated as the spatial sum over all of the voxels (xi,yi,zi) in this region.
FIG. 2. Typical energy distribution of the total electron fluence
Φe(E) calculated over an elementary unit of the sample (see Fig. 1 ). The results are normalized per source particle of the simulation and are therefore relative to a single incident photon. The parameters employed for this simulation correspond to the experimental conditions of the third irradiation session on sample WBAP13 (hν = 17.05 keV) and the results are qualitatively identical to all of the other studied sessions.
It can be noticed that the energy distribution Φe(E) is maximum for electron energies close to the one of the X-ray beam, as expected. The spatial distribution of these electrons corresponding to the maximum (16 < E ≤17.05 keV) is reported in Fig. 3a ; for comparison Fig. 3b also shows the spatial distribution for electrons with energy between 7 and 8 keV, whose behavior is representative of all the other energy ranges. From the shape of the contour lines, it is visible that higher energy electrons keep the directionality of the beam, whereas for lower energy electrons the diffusive behavior prevails. It is also visible the decrease of the fluence of electrons when moving along z from the center of the elementary unit (map 1), where the irradiation points are centered, to its border that corresponds to the point of maximum distance from any irradiation row (map 5). The same decrease is also observed for the symmetrically equivalent sections along the z direction (not presented in the figure), as expected. The electron fluence distribution of each irradiation session can be used to calculate the expected fraction of atoms removed via the knock-on mechanism, as explained in the next section.
FIG. 3. Spatial distribution of the total electron fluence Φe(xi,yi,zi,E) for electrons with kinetic energy
E between 16 and 17.05 keV (a), and between 7 and 8 keV (b), in the case of the data of Fig. 2 . Xrays come from left to right and impinge the crystal at x=0. Each electron distribution map is a xyplane cross-section with a thickness of 50 nm in the z direction, centered at an irradiation row position z=z0 (1), at z=z0 +50 nm (2), at z=z0 +100 nm (3), at z=z0 +150 nm (4), and at z=z0 +200 nm (5). The results are normalized per source particle of the simulation and are therefore relative to a single incident photon.
B. Calculation of displaced oxygen fraction
Knock-on damage refers to atom displacement caused by momentum and kinetic energy transfer from an electron to an atom that is initially at rest, and can be described by the integral cross section derived by Seitz and Koehler [31] , which is fairly accurate for light atoms (Z<40):
where Za is the atomic number of the target atom, r0 is the electron classical radius, α= Za /137, β is the ratio of electron velocity to light velocity and γ is the Lorentz factor. The cross section is strongly dependent on two parameters: the threshold displacement energy Td and the maximum kinetic energy of the recoil atoms Tm, which depends on the electron energy E is the electron rest energy and M the atomic mass of the atom). The maximum value for Tm in our simulations is Tm =2.44 eV, corresponding to E = 17.5 keV.
As shown by Piñera et al. [26] , loosely-bound light atomic species like oxygen can be displaced by high energy photons in HTSC. In Bi-2212 the most loosely bound atoms are represented by the interstitial oxygen (iO) atoms lying in the Bi-O layers of the crystal structure, which are responsible both for its incommensurate modulation [32] and for changes in the critical temperature and normal state resistivity [33] [34]. Therefore, adapting Piñera's approach to the case of Bi-2212, the local number density of displaced interstitial oxygen atoms ( , , ) can be evaluated from the spatial and energy fluence distribution of photogenerated electrons Φ ( , , , ) by convoluting it with the Seitz-Koehler cross section :
where is the number density per unit volume of interstitial oxygen atoms before irradiation, = √( 2 ) 2 + 2 2 − 2 is the minimum kinetic energy of the electrons needed to displace the target, and Δ is the total number of photons impinging each irradiation point. It is worth noticing that in Eq. (2) the damage function of the Kinchin-Pease model [35] has been implicitly assumed equal to 1 for two reasons: i) it is possible to show that the average kinetic energy of the recoiling oxygen atoms is always > when > for the typical values involved in the problem (see below), and ii) it is very unlikely that primary knock-on iO atom can generate a secondary displacement of another iO atom because of the fact that they are very diluted in the Bi-2212 material (one iO atom every 4-5 crystal unit cells, on the average). On the other hand, secondary atomic displacements due to iO atoms impinging of other atomic species are very unlikely because of the much higher Td values expected in this case [26] . Before carrying out this calculation, a value for the threshold displacement energy Td has to be selected. This is a crucial point since the cross section reported in Eq. (1) is strongly dependent on Td . See Supplemental Material at [URL will be inserted by publisher] for this dependence (Fig.  S3) . Unfortunately, this quantity is extremely difficult to be determined both experimentally and from simulations, since its definition is somehow ambiguous. Recalling that Td is the minimum energy needed to induce a permanent displacement of the target atom from its lattice position, it is important to note that, depending on the time-scale, a certain displacement could be considered permanent or not. Therefore Td is not an intrinsic material property [36] . Moreover, no well-established value of Td has been determined so far for the iO atoms of Bi-2212. Due to data shortage, just a few results can be considered for reference purposes. For instance, on one hand, the ab-plane diffusion of iO atoms has been studied by Runde et al. [37] over distances of the order of 1-10 µm and time scales of 1-6 hours, determining an activation energy for the process equal to 0.93 eV. According to the authors, this amount of energy simply represents the energy required for the motion of the iO atoms over these space and time scales, including no formation energy of the interstitials. On the other hand, Bandyopadhyay et al. [38] [39, 40] studied the oxygen out-diffusion induced in polycrystalline Bi-2212 by 40 MeV α-irradiation and showed that by assuming in the TRIM program a binding energy for the iO atoms equal to 0.073 eV it was possible to explain their experimental data by means of the oxygen knock-on process. In order to keep a general validity of our study, we have employed both values to obtain the number density of the displaced atoms. The calculated ( , , ) divided by the number density of interstitial oxygen atoms yields the spatial distribution of the fraction of displaced interstitial oxygen atoms ( , , ), which is presented in Fig.4 . The sensitivity of the model to Td is visible in the magnitude of the displaced fraction that increases by more than a factor of 50 when using the lower Td value. Jagged contour lines are clearly visible in the xy cross-sections closer to the irradiation row, and this non-homogeneity of the displacement is due to the quite large spacing along the y direction between the points of the irradiation mesh. It is also still visible a decrease of along the z direction from the center of the elementary unit to its border, which is simply reflecting the behavior already observed for the spatial distribution of the total electron fluence Φe(xi,yi,zi,E).
FIG. 4. Spatial distribution of the fraction of displaced interstitial oxygen atoms
( , , ) corresponding to the data of Fig. 2 and 3 , obtained using (a) Td = 0.93 eV and (b) Td = 0.073 eV. Xrays come from left to right and impinge the crystal at x=0. The maps are xy-plane cross-sections with a thickness of 50 nm in the z direction, centered at an irradiation row position z=z0 (1), at z=z0 +50 nm (2), at z=z0 +100 nm (3), at z=z0 +150 nm (4), and at z=z0 +200 nm (5). Color scale is linear. Black solid contour lines are spaced by about (a) 8 × 10 -5 and (b) 4.6 × 10 -3 .
C. Comparison with experiments
To evaluate if the knock-on interaction mechanism can explain the experimentally observed effects, a comparison between the simulated and experimental data is necessary. Unfortunately, the interstitial oxygen content δ of Bi-2212 is not easily accessible from a direct measurement, but can be estimated from the room temperature ab-plane resistivity values ( ) recorded before and after each irradiation session. Indeed, Watanabe et al. [33] investigated a series of Bi-2212 single crystals and reported for the same samples both the δ content and the room temperature ab-plane resistivity ( ), which covers a range from 2.5 to about 9 Ω µm. Another very interesting and extensive data set is presented in a paper by Kendziora et al. [41] , where highly underdoped samples with ( ) values between about 2.5 Ω µm and 1×10
5 Ω µm are presented. Although the latter results clearly show that ( ) values increase in an exponential way with the decrease of the Bi-2212 doping level, they have been obtained not via a direct oxygen removal, but via cation substitution of Y for Ca, making this information not completely homogeneous with both Watanabe's results and our experiments. Therefore, we have discarded the data set by Kendziora et al. [41] for a direct comparison with our experiments, retaining only the qualitative information of an exponential relationship between ( ) and the interstitial oxygen content δ. Consequently, the data from Watanabe et al. [33] have been used to obtain a reference curve for δ as a function of ( ) by means of an exponential fit. See Supplemental Material at [URL will be inserted by publisher] for the determination of the reference curve (Fig. S4) . Since the resistivity range covered by this reference data set spans approximately from 2.5 to 9 Ω µm, it can be safely assumed that the δ contents estimated from this reference curve are reliable for resistivity values ( ) close to this range. Unfortunately, ( ) reached values equal to several hundreds of Ω µm in samples WBVB05 and WBVB10, so that their δ values are necessarily extrapolated. However, these ( ) values still lie in the range investigated by Kendziora et al. [41] . The δ values obtained via the reference curve from the experimentally determined values of ( ) (for each sample and irradiation session) have been used for a comparison with the corresponding δ values obtained from the knock-on interaction model for both Td values. It is worth stressing that each Monte Carlo simulation yields a spatial distribution ( , , ) of the fraction of interstitial oxygen displaced by the knock-on interaction in the irradiated area, whereas on the other hand only a single value of fad is needed to make a comparison with the observed electrical properties variations, whose measurements represent an average over macroscopic portions of the samples. Therefore, the spatial average fm,ad of the ( , , ) values in the elementary unit of each irradiation session has been calculated for this comparison. Assuming that no other mechanism contributes to the oxygen displacement, the final interstitial oxygen δf content after each irradiation session can be evaluated from the initial one δi as δf = δi (1-fm,ad). This equation assumes that displaced oxygen atoms can leave the material, or at least can move to some positions where they are electronically inactive. The fact that displaced iO atoms are able to exit Bi-2212 was experimentally confirmed by Bandyopadhyay et al. measuring the oxygen content of polycrystalline Bi-2212 samples by means of iodometry after α-irradiation [38] [39] [40] . The experimentally observed gradual decrease of δ in samples WBAP13 and WBAP14 (Fig. 5a ) denotes a clearly different behavior from the one of samples WBVB05 and WBVB10 (Fig. 5b) , in which a sudden decrease is followed by a saturation at the asymptotic value of the fit. In the former regime, the numerical simulation results for Td = 0.073 eV and Td = 0.93 eV overestimate and underestimate, respectively, the change in δ suggesting that a satisfactory agreement could be achieved with an intermediate Td value. Conversely, in the latter case both Td values give a large underestimation of the observed changes. The Td value for which the best agreement is achieved has been estimated to be Td =0.15 −0.01 +0.025 eV by minimizing the χ 2 of the simulations with respect to the experimental values for samples WBAP13 and WBAP14 (inset of Fig. 6 ). This result is about the double of the Td = 0.073 eV value that was required to explain the oxygen out-diffusion in α-irradiation experiments [38] [39] [40] , and also compares favorably to recent DFT calculations showing that a 0.2 eV energy difference exists between the stability points and other relative minima positions for iO atoms in the Bi-O layer [42] . The δ values calculated with the best estimate Td = 0.15 eV are in excellent agreement with the experimental results (see Fig. 6 ). The fact that the model is able to explain the changes observed in the experiment on samples WBAP13 and WBAP14, but not in the one corresponding to samples WBVB05 and WBVB10 could be related to the spacing of the irradiation mesh that is very different in the two cases. In the former the mesh spacing is about three times larger than the beam size, whereas in the latter they are identical (see Table 1 ). In this respect, it is worth stressing that our simulation procedure firstly calculates the oxygen displacement distribution independently induced by each irradiation point as if the X-rays were impinging on pristine Bi-2212, and then the final oxygen displacement distribution is obtained for every irradiation session by adding the partial results from all of the corresponding irradiation points. However, during an experimental session it is possible that a neighboring irradiation point has already produced some damage at the site where we want to perform a simulation, especially if the irradiation points are closely spaced. This could represent a severe problem for our simulation procedure if the already existing damage is significant and the damage effects do not simply add in a linear way. Therefore, our impossibility to reproduce the experimental results of samples WBVB05 and WBVB10 suggests that this is the case, implying that our simulation method cannot be applied neither to closely spaced nor to heavily irradiated samples. 
IV.
CONCLUSIONS We have presented a Monte Carlo procedure for the analysis of the effects of X-ray irradiation on Bi-2212 in the framework of the knock-on model of interstitial oxygen atoms by secondary electrons. The MCNP6 numerical simulations allow estimating the spatial and energy distribution of the secondary electrons generated in the material by the X-ray beam. After a complete reconstruction of each irradiation session, it has been possible to compute the expected variation of the interstitial oxygen content. This quantity has been compared to the experimental variation of the oxygen content estimated from the change in room temperature resistivity. We have identified two different regimes, distinguished by the density of points of the irradiation mesh. The experimental data from the first regime, characterized by a lower point density, are in good agreement with the calculations based on the knock-on model. Conversely, for the second regime the resistance of the irradiated material is strongly increased by irradiation, corresponding to a very large variation of the oxygen content that could not be reproduced by this model. This is likely because, for very close irradiation points and heavily irradiated samples, the assumptions that irradiations at different points are independent one from the other and that irradiation effects are simply additive are not valid. However, we cannot exclude that in this second regime other mechanisms besides the oxygen knock-on by secondary electrons can contribute to the observed variations. Finally, by fitting the experimental data, we have estimated the value of the threshold displacement energy of interstitial oxygen atoms. The obtained value Td =0.15 −0.01 +0.025 eV is intermediate between previously reported values of activation energy for oxygen diffusion (Td =0.93 eV [37] ) and of threshold displacement energy for α-irradiation experiments (Td =0.073 eV [38] ), and is very close to the energy difference ∆E=0.2 eV between oxygen neighboring minima positions in the Bi-O layer, as determined by DFT calculations [42] .
